Abstract-This paper presents the antenna design parameter dependency on the impedance and radiation characteristics of a terahertz coplanar stripline dipole antenna. The antenna response is numerically investigated by applying a semi-infinite substrate and by generating a constant voltage source to drive a signal on the antenna. In this way, we can analyze the antenna characteristics without the photoconductive material response and the substrate lens geometrical effects. Further, we explain the mechanism underlying the preferable uses of several millimeter length DC bias striplines in a typical THz coplanar stripline dipole antenna design. The antenna, consisting of a center dipole connected to long bias striplines, has a traveling wave characteristic supporting an attenuated current, rather than a resonant characteristic supporting a standing wave of current. The traveling wave behavior produces stable antenna input impedances and minimal changes in the antenna radiation patterns. We also found that the length of the center dipole has a prominent effect on the antenna gain response.
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INTRODUCTION
After the pioneering works by Jayaraman and Lee [1, 2] , Auston et al. [3, 4] , and Grischkowsky et al. [5] , the techniques for generating and detecting terahertz (THz) radiation using femtosecond laser pulses have been studied extensively. There are several methods for generating and detecting THz electromagnetic waves, such as photoconductive switching, optical rectification, photomixing, quantum cascade lasers, free electron lasers, and backward wave oscillator [6] [7] [8] [9] [10] .
Among them, the method involving the use of a photoconductive switch (antenna), which typically consists of a metallic antenna patterned on a high-mobility semiconductor substrate, is the simplest and the most widely used THz wave generation method for producing a continuous spectrum up to a few THz upon exposure to an ultrashort laser pulse [11] .
The photoconductive antenna plays an important role in the radiation of the THz wave, and numerous theoretical and experimental studies have been conducted on it. Various antenna designs, such as bow-tie [12] , logarithm spiral [13] , strip line [14] , strip line dipole [15, 16] , and fractal-based antennas [17, 18] , have received significant attention for better generation and detection of THz radiation [19] . One of the most popular designs is the one that involves the use of a stripline dipole antenna, in which a center dipole is connected to coplanar striplines and forms an H-shaped electrode structure. This type of a coplanar stripline dipole antenna is well known as Grishkowsky's antenna [20, 21] and is preferable because of its simple structure and most successful commercial applications [22] . Theoretically, the dipole antenna is a resonance structure and supports a standing wave of current. However, the current distribution can be altered to support a traveling wave with attenuation while traveling from the feed point to the terminations of the dipole arms [23, 24] . This is true for photoconductive antennas possessing very long DC bias striplines with open-circuited terminations in a high dielectric constant substrate, because there is little current to be reflected back owing to the radiation as the current travels along the long striplines.
In this study, we investigate the effects of the DC bias striplines and the center dipole on the coplanar stripline dipole antenna in terms of the input impedance and radiation characteristics. The antenna response is investigated by applying a semi-infinite gallium-arsenide (GaAs) substrate and by generating a constant voltage source to drive a signal on the antenna. The former approach is employed because the semi-infinite substrate has been proven to show similar antenna resonant characteristics as lens substrates [25] . Moreover, the lens substrate exhibits frequency dependence of the antenna radiation property [26, 27] . The later approach of using a constant voltage source allows the characterization of the antenna response itself while ignoring the response of the photoconductive material to the optical signal. It is necessary to establish these simplifying conditions in order to fully characterize the antenna properties. Furthermore, once the underlying mechanism has been elucidated, appropriate DC bias lines can be modeled for better operation in THz coplanar stripline antenna designs.
ANTENNA DESIGN
The geometry of the coplanar stripline dipole antenna is shown in Figure 1 . The antenna was designed on a semi-infinite GaAs substrate, where this substrate was approximated with a semi-infinite Green's function layer. The center dipole is designed to resonate at around 1.0 THz. Therefore, the resonant length of the center dipole should be approximately
where λ 0 is the free-space wavelength and ε r the relative dielectric constant of GaAs (ε r = 12. 3. ANTENNA CHARACTERISTICS
Bias Line Length Effect
GaAs substrates supporting terahertz chips usually are of 20 × 10 mm size such that sufficient space is ensured for the alignment of the silicon substrate lens on the back of the device. The standard lens diameter used in experiments is 10 mm, given that smaller sizes are not practical owing to the cut-off at low frequencies [28] . Consequently, the coplanar striplines for an external DC current bias have also been several millimeters long. Thus far, researchers have used such bias lines for as long as it is possible within the available chip area and have not fully understood about their impact. For our purposes, it is necessary to provide a thorough study on the bias line effect from the antenna perspective. 
We first studied the input impedance of the antenna when a bias line a few hundred micrometers in length, i.e., L b = 50 µm, 100 µm, 150 µm and 200 µm, was used. Though these lengths are not practical for use in an actual device, our study has clearly shown the resonance behavior of the antenna using short bias lines. Figure 2 shows the input impedance characteristics of the antenna as the bias line length increases from 50 µm to 200 µm. As expected, the bias line affected the 
The insets show zoomed-in views at low frequencies.
resonant response of the antenna, and consequently, the fundamental resonance frequency decreased significantly. The imaginary part of the antenna impedance clearly showed the fundamental resonance frequency of the antenna, i.e., the point where the imaginary part of the impedance equals 0, was 0.3 THz, 0.2 THz, 0.13 THz, and 0.1 THz with bias line lengths of 50 µm, 100 µm, 150 µm, and 200 µm, respectively. In comparison with the original resonance frequency of the center dipole designed at 1.0 THz, we observed a considerable reduction in the resonance frequency. The periodic fluctuation of the antenna impedance in the low frequency region was clearer with respect to the increasing bias line length. This result is attributed to the multiple frequency mode operation. These frequency modes come close together and as a result cause fluctuation in the antenna input impedance at low frequencies. Therefore, the coplanar stripline dipole antenna with a short bias line scheme can be characterized as a standing wave antenna or a resonant antenna owing to the reflections at the bias line terminations. These observations confirm that the bias line in a typical THz coplanar stripline dipole antenna has certain effects on the input impedance and resonance frequency.
We further investigated the antenna characteristics when millimeter-long bias lines were used. The impedance of the antenna at low frequencies is immune to rippling for a sufficiently long bias line. This behavior can be explained on the basis of the traveling wave antenna theory in that the current attenuates as it travels along the bias line, leaving behind very little current to be reflected back at the bias line terminations. This is particularly true and obvious in the case of a high dielectric constant substrate material given that the effective wavelength traveling along the dipole arm is small in comparison with the free space wavelength.
To verify this traveling wave behavior of the antenna, the magnitude of the surface current was calculated along the bias line (L b = 8000 µm) and checked at different frequencies, as illustrated in wavelengths, the current showed significant reflections at the bias line terminations, particularly for the case of the 0.1-THz frequency, and thus formed a standing wave. However, at higher frequencies of 0.7 THz and 1.0 THz, the current attenuated rapidly along the bias line, and as a result, reflection from the bias line terminations was completely eliminated. For instance, the current at 0.7 THz dropped to near zero level at approximately 4000 µm away from the feed point while that at 1.0 THz did so at a distance of only approximately 2000 µm. These observations indicate the necessity of using a sufficiently long bias line for operation at very low frequencies. On the other hand, a short bias line for a compact device is preferable for antennas operating at high frequencies. Figure 5 shows the radiation patterns of the antenna at various frequencies, i.e., from 0.5 to 5.5 THz in 1 THz increments, for the case of L b = 8000 µm. The antennas exhibited radiation patterns with a maximum in the xz -plane and a minimum in the yz -plane at the critical angle θ c = π − sin maintained them over the entire frequency range of interest, but with a different maximum gain at θ = 180 • . However, the yz -plane patterns behaved differently with degraded radiation characteristics as the frequency increased. At high frequencies, the radiated power was not concentrated at the θ = 180 • line, but it rather spread to neighbor lobes, e.g., ±150
• lobes for yz -plane pattern at 3.5 THz and ±135 • for the yz -plane pattern at 4.5 THz. This behavior is attributed to the higher order modes generated along the center dipole at high frequencies. In general, as the frequency varied, the radiation along the bias line direction, i.e., the xz -plane, exhibited minimal changes, corresponding to the radiation characteristic of a traveling wave antenna. However, the radiation along the dipole center direction, i.e., the yz -plane, varied substantially and showed an increased degree of degradation with an increase in the frequency. Figure 6 shows the gain (at θ = 180 • ) and the efficiency of the antenna for two representative bias line lengths, i.e., L b = 200 µm and L b = 8000 µm. The antenna efficiency is defined as the ratio of the power radiated by the antenna to the power supplied to the antenna, and the gain is calculated assuming a perfect impedance matching condition. Generally, the gain of the antenna was low at the lower limit of the frequency range, i.e., 0-0.5 THz, because the effective antenna size became small relative to these long wavelengths. With a short bias line, the antenna gain exhibited resonant behavior with significant fluctuations in the low frequency range. The successive peaks and dips in the gain spectrum in this low frequency range are related to the resonant resistance and reactance of the antenna. This phenomenon was diminished by extending the bias line, and it completely disappeared for the very long bias line lengths. As a result, antennas with sufficiently long bias lines achieved frequency-independent behavior with stable gain characteristics at low frequencies. In the high frequency range of 1-6 THz, a periodic variation of the antenna gain was observed. The gain spectrum had two peaks at 1.6 THz and 5.1 THz, with the approximate values of 4 dBi and 5 dBi, respectively. A minimum between the peaks was at the frequency of 3.0 THz with approximate value of −1.2 dBi. The average antenna gain is relatively low at approximately 1.2 dB, because the field strength produced by a traveling wave antenna is only onethird of that produced by a standing wave antenna, with the same length and feed excitation [30] . The multiple peak phenomena of the gain spectrum are explained using the radiation patterns shown in Figure 5 . The maximum antenna gain was obtained when the radiated power focused at the θ = 180 • line, e.g., at 1.5 THz and 5.5 THz. The minimum of the gain spectrum resulted from the dispersion of the radiated power elsewhere rather than concentrating at the θ = 180 • line, e.g., at 3.5 THz. This effect is related to the resonance length of the antenna at the point where maximum radiation along the θ = 180 • direction occurs [31] . The efficiency of the antenna with two different bias line lengths showed similar trends, rapidly increasing from a few percent to more than 80% in the 0-1 THz frequency range and achieving saturation (with an average value of approximately 94%) in a wide frequency range from 1 THz to 6 THz. It is obvious that the efficiency at low frequencies was immune to the rippling caused by resonant behavior when a sufficiently long bias line was used. These investigations indicate the necessity of using long bias lines in the design of typical H-shaped coplanar stripline antennas if one is to achieve good radiation performance, particularly in the low operating frequency region of less than 1.0 THz.
Center Dipole Length Effect
The antenna characteristics with respect to the change in the center dipole length, L d , were investigated, where the bias line length L b was chosen as 8000 µm. As the length of the center dipole increased, i.e., from 20 µm to 40 µm to 80 µm to 160 µm, the variation in the input impedance of the antenna became more distinct at low frequencies (see Figure 7) . The frequencies, where the imaginary part of the impedance equals to 0, were gradually decreased with an increase in the center dipole length. This behavior is similar to that observed for the short bias line study. This finding indicates that further increasing the center dipole length could lower the cut off frequency and thus produce better impedance bandwidth. The mechanism is expected from the traveling wave behavior along the center dipole length, similar to the behavior of the bias line. It is interesting to note that the antenna gain response shows some unique properties, as illustrated in Figure 8(a) . As the center dipole length increased, the gain spectrum exhibited more peaks in the frequency range of interest. The frequencies of the first peak gradually decreased with an increase in the center dipole length. Consequently, the amplitudes of the variations of the antenna gain were gradually reduced for the longer center dipoles. 
CONCLUSIONS
We investigated the length effects of the DC bias striplines and the center dipole in a typical THz coplanar stripline dipole antenna. The antenna was designed on a semi-infinite substrate and was driven by a constant voltage source. These analysis approaches are needed to characterize the antenna properties itself without mutual effects of the lens substrate and the photoconductive material. The results show that the short bias line acts as an end capacitance and affects the change in the antenna resonance frequency. As the bias line length increases, the antenna takes on a traveling wave structure and produces stable input impedances and minimal changes in the radiation patterns. Moreover, stable gain and efficiency, with frequency-independent behavior, was achieved for sufficiently long bias lines. These investigations explain the mechanisms underlying the preferable use of several-millimeterlength DC bias striplines in the design of typical THz coplanar stripline dipole antennas. In addition, interesting characteristics related to the center dipole length have been found. The long center dipole could also effectively function as a traveling wave structure. Therefore, a very long center dipole is expected to produce a flat gain variation and thus exhibit excellent wideband antenna characteristics. Moreover, this study suggests that a square H-shaped electrode geometry is the most preferred structure for improved gain and efficiency with effective use of the available substrate lens area. This study states that the antenna has to be carefully designed and its frequency response has to be tuned to the frequency range of the photoconductive material response for the optimum overall performance of the device.
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